Background--HIV+ people are at increased risk of coronary artery disease, but the responsible mechanisms are incompletely understood. Proprotein convertase subtilisin/kexin type 9 (PCSK9) is traditionally recognized for its importance in cholesterol metabolism; however, recent data suggest an additional, low-density lipoprotein receptor-independent adverse effect on endothelial cell inflammation and function. We tested the hypotheses that PCSK9 levels are increased and that abnormal coronary endothelial function is related to PCSK9 serum levels in HIV+ individuals.
peripheral endothelial function correlates only modestly with CEF 10 and impaired CEF is more closely related to underlying atherosclerotic coronary disease. 11, 12 Recent magnetic resonance imaging (MRI) advances now make it possible to noninvasively quantify NO-mediated CEF. 12 Our group previously used these noninvasive MRI approaches and reported that CEF is markedly impaired in HIV+ people even before the development of detectable coronary artery disease (CAD). 13 Mechanisms linking HIV infection to impaired CEF, however, are not established. Beyond its role in cholesterol homeostasis, proprotein convertase subtilisin/kexin type 9 (PCSK9), similar to HIV infection, is associated with the future risk of ASCVD, independent of traditional cardiovascular risk factors. 14 In addition, prior work demonstrated that PCSK9 serum levels are elevated in HIV+ individuals, independent of low-density lipoprotein cholesterol (LDL-C). 15 PCSK9 is expressed in human atherosclerotic plaque 16 and in vascular smooth muscle and endothelial cells. In isolated cell preparations, PCSK9 stimulates vascular inflammation through activation of the nuclear factor-jB and activation of proinflammatory macrophages. 17 Elevated PCSK9, therefore, may be responsible for coronary endothelial dysfunction. We tested the hypotheses that PCSK9 serum levels are increased in HIV+ people without overt CAD compared with HIVÀ controls (HIVÀ) and, more important, that PCSK9 levels are related to abnormal coronary and systemic endothelial function in these patients.
Methods
The data and analytical methods that support the findings of this study are available from the corresponding author on reasonable request.
Patients
All subjects provided written informed consent to participate in the protocol, which was approved by the Johns Hopkins Medicine Institutional Review Board. Two groups of participants were recruited: first, healthy participants without HIV and without CAD, defined as those without a history of known CAD, without >1 CAD risk factor (HIVÀ, n=15), and, if >40 years, an Agatston coronary artery calcium score 18 on a clinically indicated computed tomographic scan of 0; second, participants with a diagnosis of HIV without CAD, defined as no cardiac history (no history of myocardial infarction, angina, or CAD) and a coronary artery calcium score of 0 within the prior 5 years (HIV+, n=48). All of the HIV+ cohort were receiving highly active antiretroviral therapy. Patients were recruited from outpatient clinics at the Johns Hopkins Hospital and had no contraindications to MRI.
MRI Study Protocol
A commercial 3.0-T whole-body MR scanner (Achieva; Philips, Best, the Netherlands) with a 32-element cardiac coil for signal reception was used. Detailed MR parameters were previously reported. 11, 12, 19 Participants underwent MRI in the morning in the fasting state (>8 hours) before the administration of any prescribed vasoactive medications. Images were taken perpendicular to a proximal or midcoronary arterial segment that was straight over a distance of %20 mm. 20 To ensure that slice orientation was perpendicular to the coronary artery, double oblique scout scanning was performed, as previously reported. 19 Anatomical images were collected at baseline and during 4 to 7 minutes of continuous isometric handgrip exercise (IHE) using an MRI-compatible dynamometer (Stoelting, Wood Dale, IL) 21 at 30% of maximum grip strength and while being directed by a research nurse. When 2 coronary artery segments per participant could be imaged, the results for each were quantified and averaged. In a subset of subjects (n=30, 21 HIV+ and 9 HIVÀ), we identified the internal mammary artery (IMA) in the same imaging plane as the right coronary artery. In this subset, we simultaneously acquired IMA and right coronary artery area and flow measures before and during IHE so as to measure both systemic function and CEF simultaneously. 10 Heart rate and blood pressure were measured throughout using noninvasive and MRI-compatible electrocardiogram and calf blood pressure monitors (Invivo; Precess, Orlando, FL). The rate
Clinical Perspective
What Is New?
• Although traditional coronary artery disease risk factors contribute to atherosclerosis in people living with HIV, this work demonstrates that elevated proprotein convertase subtilisin/kexin type 9 levels, independent of traditional coronary artery disease risk factors, are strongly and directly related to impaired coronary artery endothelial cell function, a driver of coronary atherosclerosis.
What Are the Clinical Implications?
• The identified relationship between proprotein convertase subtilisin/kexin type 9 and coronary endothelial function in people living with HIV is of potential clinical importance, because it suggests that the effects of interventions designed to lower proprotein convertase subtilisin/kexin type 9 levels on coronary endothelial function should be evaluated in future studies.
• If successful, it would provide an additional intervention to limit atherosclerosis and, potentially, lower the burden of heart disease in people living with HIV.
pressure product was calculated as follows: systolic blood pressure9heart rate.
Image Analysis
Baseline and IHE-stress images for coronary cross-sectional area (CSA) and IMA area were analyzed, as previously described. 11, 19 Coronary flow velocity was measured in cm/ s, and coronary blood flow (CBF) was calculated using the following equation: coronary artery CSA9coronary artery peak diastolic velocity90.3, as previously described. 12, 19, 22 Segments with poor image quality (blurring attributable to artifact/patient motion) on either the baseline or stress examinations were excluded from analysis. Both per-segment and per-patient analyses were performed. MRI interpretation was performed by two independent readers (A.H. and Y.A.) who were blinded to clinical and laboratory information at the time of analysis.
Laboratory Measurements
Venous blood samples were collected on the day of the MRI study after an overnight fast to determine the concentration of PCSK9 and a vascular activity/function panel (ie, intercellular adhesion molecules 1 and 3, vascular cell adhesion molecule-1, E and P selectins, and thrombomodulin) in all participants. Serum samples were analyzed for the abovementioned markers using commercially available ELISA kits (quantikine ELISA; Bio-Techne Corporation, Minneapolis, MN). A fasting lipid panel, CD4 + cell count, HIV RNA, and hepatitis C virus antibody measurements were obtained on the day of the study or were available in the electronic medical records within the prior 6 months. 
Statistical Analysis

Results
Patient Characteristics
The study cohort characteristics are presented in Table 1 
MRI Assessment of CEF
All participants completed the MRI-IHE protocol, and there were no significant differences in rate pressure product at rest or during IHE between the 2 groups. Representative MR images demonstrating CEF testing during IHE in an HIV+ participant are shown in Figure 1 . In the HIVÀ group, coronary arteries dilated significantly with IHE (baseline cross-sectional area, 11.9AE4. Figure 2B ). The CSA and CBF changes with IHE were significantly less in the HIV+ than in the HIVÀ group (P<0.0001 for both the CSA and the CBF changes between the HIVÀ and HIV+ groups). In an adjusted multivariable robust regression analysis, the IHE-induced changes in CSA (P=0.0027) and in CBF (P=0.0025) remained significantly and independently reduced in the HIV+ compared with the HIVÀ cohort. These observations of impaired CEF in HIV+ individuals compared with risk factor-matched HIVÀ individuals are consistent with a prior study from our group. 13 Serum PCSK9 Levels and CEF PCSK9 serum levels were significantly higher in the treated HIV+ than in the HIVÀ cohort (302AE146 versus 183AE52 ng/ mL; P<0.0001; Figure 3A ). In addition, CEF, as measured by percentage change in coronary artery CSA with IHE, was inversely related to serum PCSK9 levels in the entire study cohort ( Figure 3B ; R=À0. we also assessed whether higher PCSK9 serum levels in the HIV+ individuals were related to statin use and found no significant correlation (P=0.2990).
MRI Assessment of Systemic Vascular Function
In the subset of subjects (n=30) in whom the IMA was also imaged, we quantified percentage change in IMA Figure 1 . HIVÀ controls had a significantly better vasodilatory response of the IMA to IHE compared with HIV+ individuals (P=0.0003; Figure 4A ).
Relationship Between PCSK9 Serum Levels and Systemic Endothelial Function
Serum PCSK9 serum levels in the subset of subjects who had IMA imaging were significantly higher in the treated HIV+ individuals (296AE135 ng/mL) than in the HIVÀ controls (155AE52 ng/mL, P=0.0053). Although there was a trend for an inverse correlation of PCSK9 serum levels with systemic endothelial function (R=À0.31, R 2 =0.09, CSA=À0.01408 9PCSK9+9.778), this did not reach statistical significance (P=0.1012; Figure 4B ).
Systemic Endothelial Activation/Injury and Relation to PCSK9 Serum Levels
Coronary endothelial dysfunction is one of the earliest, local markers of the development of coronary atherosclerosis. To determine whether PCSK9 in HIV+ individuals is also associated with established biomarkers of early systemic endothelial activation and downstream endothelial injury, we measured serum markers of vascular activation/injury, including soluble intercellular adhesion molecule-1, soluble vascular cell adhesion molecule-1, E-selectin, P-selectin, soluble intercellular adhesion molecule-3, and thrombomodulin (Table 2) . Compared with HIVÀ controls, both P-selectin, a marker of early endothelial activation (80.1AE28.7 versus 48.1AE16.0 ng/mL; Figure 2 . Magnetic resonance imaging assessment of coronary endothelial function in the HIVÀ and HIV+ cohorts. Percentage changes from baseline in coronary artery cross-sectional area (CSA; A) and coronary blood flow (CBF; B) during isometric handgrip stress are shown for healthy subjects (HIVÀ, n=15) and HIVÀinfected individuals (HIV+, n=48). In an adjusted multivariable robust regression analysis, the isometric handgrip exerciseinduced changes in CSA (P=0.0027) and in CBF (P=0.0025) remained significantly and independently reduced in the HIV+ compared with the HIVÀ cohort. Regression analysis was adjusted for sex, smoking, hypertension, diabetes mellitus, statin use, low-density lipoprotein cholesterol, high-density lipoprotein cholesterol, and triglyceride. Bars indicate SDs. *P<0.0001 vs HIVÀ. HIV+, n=48) . B, Individual data points illustrate the inverse relationship between CEF, measured as relative change in coronary artery cross-sectional area (CSA) in response to isometric handgrip stress, and serum PCSK9 levels (R=À0.51, R 2 =0.26, CSA=À0.033949PCSK9+14.17, P<0.0001; HIV+ alone, R=À0.47, R 2 =0.22, P=0.0008; but not in HIVÀ alone, R=0.33, R 2 =0.10, P=0.2409). The relationship between CEF and PCSK9 remains significant if the HIV+ subject with the PCSK9 value of 897 ng/mL is excluded (R=À0.37, R 2 =0.14, P=0.0028). In addition, the association remained significant after correction with a robust regression analysis (P=0.0015 for PCSK9 vs % CSA). Regression analysis was adjusted for sex, smoking, hypertension, diabetes mellitus, statin use, low-density lipoprotein cholesterol, high-density lipoprotein cholesterol, and triglyceride. HIV+, red circles; and HIVÀ controls, blue circles. *P<0.0001 vs HIVÀ. Figure 5A ), and thrombomodulin, a marker of endothelial injury (4.0AE1.1 versus 3.2AE1.1 ng/mL; P=0.0222; Figure 5B ), were significantly increased in HIV+ individuals. More important, P-selectin was significantly and directly related to serum PCSK9 (R=0.31, R 2 =0.09, P-selectin=1.4469PCSK9+168.8, P= 0.0144, Figure 5C ).
P=0.0001;
Discussion
This study demonstrates that serum PCSK9 levels are significantly higher in treated HIV+ individuals than in HIVÀ subjects and confirms our prior findings that CEF is significantly impaired in HIV+ people, despite adequate CD4 + counts, undetectable viral loads, and LDL-C levels equivalent to those of an HIVÀ age-matched control group. More important, we report that abnormal CEF is inversely related to serum PCSK9. In addition, MRI-assessed systemic endothelial function, as assessed by the response of the IMA, an artery that rarely develops atherosclerosis, to IHE is impaired in treated HIV+ individuals. The IMA response is also inversely related to serum PCSK9, although to a lesser degree than is the coronary endothelial response. Finally, biomarkers of early systemic endothelial activation (P-selectin) and endothelial injury (thrombomodulin) are elevated in HIV+ subjects, and P-selectin is significantly and positively related to serum PCSK9 levels. Although traditional CAD risk factors contribute to atherosclerosis in HIV+ people, this work demonstrates that elevated PCSK9 levels, independent of traditional CAD risk factors, are strongly and directly related to impaired CEF, a driver of coronary atherosclerosis. Clinical studies demonstrate an association between PCSK9 and future cardiovascular events, 14 independent of traditional risk factors. Specifically, elevated serum PCSK9 levels predict adverse cardiovascular events in patients with heart failure with reduced ejection fraction, 25 acute coronary syndrome, 26 and stable CAD. 27 However, the underlying mechanisms responsible for the relationship between PCSK9 and vascular events are not well characterized, and the relationship between PCSK9 and an early marker and driver of vascular disease, impaired endothelial vasoreactivity, was not previously reported. Therefore, our study provides new insights into the relationship between PCSK9 and accelerated vascular disease in the HIV+ patient population. Our findings that PCSK9 levels are elevated in treated HIV+ people compared with HIVÀ controls are similar to those reported previously. 15 The explanation for the increase is not well characterized. However, the regulatory relationship between the immunocompromised state of people living with HIV and serum PCSK9 could be bidirectional. HIV infection of CD4 + cells activates the sterol regulatory element-binding protein-2 in the liver and adipose tissue cell nuclei. 8 In vitro experiments show that sterol regulatory element-binding protein 1 and 2 activation can transcriptionally activate PCSK9 via a sterol-regulatory element in its proximal promoter region. 28 Furthermore, a recent study examined the regulatory effects of PCSK9 on the innate immune response. The authors demonstrated that higher PCSK9 levels were associated with acute infections, such as sepsis, and adverse mortality outcomes; the author also showed that reduced PCSK9 function was associated with increased pathogen lipid clearance via the LDL receptor and improved outcomes in HIVÀ patients with septic shock syndrome. 29 Those studies indicate, therefore, that HIV infection increases PCSK9 levels and that increased PCSK9 may hinder an immune response to the infection, with the result that HIV infection and increased PCSK9 "reinforce" one another in the patient population with HIV. Cardiovascular event rates remain high in HIV+ patients taking statins and after adjusting for traditional risk factors, 30, 31 including LDL-C, suggesting a role for targeting nontraditional risk factors in this population. The results of our study indicate that one such nontraditional risk factor may be elevated serum PCSK9. This is consistent with two retrospective studies that reported that PCSK9 levels in patients with acute coronary syndrome are markedly elevated compared with those in patients with stable, chronic CAD. 26 In addition, multivariable logistic-regression analysis demonstrated that increased serum PCSK9 levels were associated with a higher incidence of subsequent acute myocardial infarction in the study cohort. The impact of PCSK9 on CEF in our study was not mediated by its effects on LDL-C because there were no differences in LDL-C in the 2 groups.
Furthermore, epidemiologic studies demonstrate that elevated serum PCSK9 levels are associated with the future risk of ASCVD independent of traditional cardiovascular risk factors, including cholesterol levels. 14 Basic studies suggest an association between PCSK9 and endothelial and smooth muscle inflammatory responses through PCSK9 activation of the cellular inflammatory gatekeeper, nuclear factor-jB. 32 In addition, PCSK9 stimulates macrophage release of proinflammatory cytokines, 17 which play a critical role in inducing atherogenesis by increasing the proliferation and migration of media smooth muscle cells to the intima. 33 Therefore, on the basis of the results of the current study and others, we posit that HIV infection triggers PCSK9 expression, resulting in endothelial inflammation and early coronary vascular dysfunction, a critical driver of the development and progression of atherosclerosis as well as associated clinical outcomes. 34 Systemic vascular dysfunction, assessed by flow-mediated dilatation of the brachial artery, was previously described in HIV+ individuals. 35 Those observations of endothelial dysfunction persist even after adjustment for traditional cardiovascular risk factors, 35, 36 suggesting effects of nontraditional risk factors, the virus itself, or its treatment on systemic vascular function. Our study found that systemic endothelial function, assessed by stress-induced vasodilatation of the IMA, is also impaired in HIV+ individuals. Although more participants in the HIV+ group were receiving angiotensin-converting enzyme inhibitors and statins, it would be expected that these would enhance endothelial function and, therefore, this difference would not be responsible for the impaired function we observed. We observed a modest, although nonsignificant, inverse relationship between IMA endothelial dysfunction and systemic PCSK9 levels. In addition, we found that selected biomarkers of systemic endothelial activation (P-selectin) and endothelial injury (thrombomodulin) are elevated in HIV+ subjects and that P-selectin positively correlated with serum PCSK9 levels. Taken together, our results indicate a modest relationship between PCSK9 and systemic measures of endothelial activation, injury, and vasoactive dysfunction. The inverse relationship between PCSK9 and CEF is strong and highly significant. Prior studies showed that peripheral arterial endothelial function correlates only modestly with CEF, 10, 37 and that the latter is more closely related to underlying CAD. 11, 12 Furthermore, acute plaque rupture is rare in the brachial artery, where peripheral endothelial function is usually measured. Therefore, noninvasive measures of CEF may be more relevant for understanding the underlying mechanisms for coronary disease and provide complementary information to assessments of systemic endothelial function. Finally, our observation that elevated PCSK9 serum levels are significantly related to coronary endothelial dysfunction suggests that inhibition of PCSK9 may improve impaired CEF.
Study Limitations
One limitation of the study is the cross-sectional design; the associations between serum PCSK9 levels and depressed CEF in HIV+ individuals do not demonstrate causality. Furthermore, because all HIV+ participants were receiving highly active antiretroviral therapy, we cannot exclude the possibility that HIV treatment contributes to elevated PCSK9 levels and the associated coronary artery endothelial dysfunction. Nevertheless, these observations are novel and can be used to guide future intervention studies to evaluate causality, which are beyond the scope of the current study. In addition, there may be unknown, and therefore unmeasured, confounders that could not be adjusted. However, the 2 groups were well matched in terms of cardiovascular risk factors and our analysis did adjust for potential confounders, including sex, smoking, hypertension, diabetes mellitus, statin use, LDL-C, high-density lipoprotein cholesterol, and triglycerides. Although our study detected an inverse relationship between endothelial-dependent coronary vasodilation (area change) and PCSK9, there was no significant relationship between CBF change with IHE stress and PCSK9 in participants with HIV. These findings suggest that early functional atherosclerotic changes (eg, those in coronary CSA) are more closely related to PCSK9 levels than are endothelial function measures, such as CBF, that may be more influenced by distal and downstream factors that control the microcirculation and are regulated in a different manner than are the epicardial coronary arteries. The small sample size in the HIVÀ group may have limited the power to detect significant differences; however, we did find a nonsignificant trend between serum PCSK9 and MRI measures of systemic endothelial function. However, the sample size was sufficient to detect a significant correlation between PCSK9 and serum markers of systemic endothelial activation.
Conclusion
This study demonstrates that serum PCSK9 levels are increased and that coronary and systemic endothelial function are impaired in treated HIV+ people compared with age-, LDL-C-, and risk factor-matched HIVÀ individuals. Furthermore, the PCSK9 levels in HIV+ people are strongly related to CEF, a physiologic indicator of vascular health, and when impaired, an early marker and driver of ASCVD and a predictor of clinical cardiovascular events. 38 These findings also indicate that the association of PCSK9 with CEF is not related to the traditional role of PCSK9-mediated changes in LDL-C, but is independent of LDL-C. These observations support future trials testing whether PCSK9 inhibition improves coronary endothelial dysfunction in HIV+ individuals without CAD.
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